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Abstract: The rapidly growing offshore wind industry is calling for more 
crew transfer vessels to deliver the increasing number of minor 
maintenance tasks. This is because ~75% of onshore turbine failures are 
related to the minor errors occurring in the electrical and power 
electronic systems of the turbines. The figure in offshore scenario may 
be worse due to the wet, salty and corrosive sea air. Limited by the 
small hull and deck spaces, the proven motion stabilization techniques 
can hardly be applied to crew transfer vessels. Therefore, the present 
crew transfer vessels have very limited capability to provide safe 
transfer between the vessel and the turbines particularly in rough sea 
waves. To tackle this issue, a new motion stabilization measure is 
researched in this paper. Through conducting both numerical and 
experimental researches to investigate the motions of the vessel under 
different wave conditions before and after applying the proposed measure, 
it is found that heave-plate based measure does work effectively in 
stabilizing the motion of the vessel especially in resonant frequency 
regions. Moreover, the effect of the heave plates on motion reduction can 
be further enhanced through optimizing their size and the underwater 
depth at which the plates are placed. 
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The rapidly growing offshore wind industry is calling for more crew transfer vessels to deliver 13 
increasing number of minor maintenance tasks as about 75% of onshore wind turbine failures are related 14 
to the minor errors occurring in the electrical and power electronic systems of the turbines. The situation 15 
in offshore wind farms may be worse due to the wet, salty and corrosive air in offshore environments. 16 
Due to the limitations of small hull and deck spaces, there is difficulty to apply the proven motion 17 
stabilization techniques to wind farm crew transfer vessels. Consequently, the present crew transfer 18 
vessels have limited capability in providing safe transfer between the vessel and wind turbines, 19 
particularly in rough sea waves. To tackle this issue, a new motion stabilization technique is studied in 20 
this paper by using both numerical analysis and experimental testing approaches. Through investigating 21 
the vessel’s motions under different wave conditions before and after applying the proposed technique, 22 
it is found that the heave, roll and pitch motions of the vessel, especially in its resonant frequency 23 
regions, have been successfully constrained after applying the proposed stabilizing technique. Moreover, 24 
the amount of motion reduction can be further improved through optimizing the size of stabilizers and 25 
their underwater distance. 26 
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hydrodynamics equations to be tractable.  
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1 Background 35 
 36 
Together with solar, hydro-power, geothermal and other renewable energy forms as well as the 37 
emergence of sophisticated grid management and affordable energy storage, wind is playing an 38 
increasingly vital role in developing a fossil-free power society. According to the annual market 39 
report released by the Global Wind Energy Council (GWEC), the annual installed wind capacity is 40 
52,573 MW in 2017. This brings the global total installed wind capacity to 539,581 MW, of which 3.5% 41 
is from offshore [1]. There is no doubt that the present offshore wind industry is in infancy and its 42 
market share is still ‘tiny’. However, exploiting offshore wind resources has become an irreversible 43 
tendency in the wind industry attributing to the stable and high wind speed offshore and the absence 44 
of land use issues in open sea. According to the recent survey by the GWEC, the total installed 45 
offshore wind capacity has reached 18,814 MW by the end of 2017, versus 14,483 MW in 2016 and 46 
12,167 MW in 2015 [1]. It is sure that such a growing tendency will continue in the following years. 47 
Take the UK offshore wind market as an example, the installed offshore wind capacity is predicted to 48 
increase from the present 5.07 GW to 10 GW by 2020, which will attract £16-21bn more investment 49 
into the UK market [2]. That means that there will be thousands of wind turbines scattering in a very 50 
large sea area. Due to the harsh offshore environment and limited maintenance window of offshore 51 
wind farms, how to access so many wind turbines and ensure their safe operation over the whole 52 
service life has become a challenging and difficult issue that must be urgently solved today.  53 
At present, helicopter and wind farm service vessel (WFSV) are two major tools used for accessing 54 
offshore wind farms and the latter is comparatively cheap in practical application [3]. To date, there 55 
have been more than 250 WFSVs are serving in the UK offshore wind market and the fleet is still 56 
growing to meet the expanding market of offshore wind [4]. Among these vessels, some are large in 57 
size and designed for conducting major maintenance tasks. They are equipped with powerful cranes 58 
(for lifting large and heavy wind turbine components to heights) and advanced wave compensation 59 
system (for providing safe transfer between the vessel and wind turbines, such as the A400 gangway 60 
system developed by Vroon Offshore Services and Ampelmann [5]). But in contrast to these large 61 
maintenance vessels, more WFSWs are crew transfer vessels that are small in size and designed for 62 
transferring maintenance crews and delivering minor maintenance tasks. Moreover, it is believed that 63 
a larger number of vessels of the kind will be demanded by future offshore wind farms. This is 64 
because the electrical and power electronic components in wind turbines are more vulnerable to 65 
failure than their mechanical counterparts, whilst the failures of these kinds of systems can be fixed 66 
via minor maintenance.  For example, the survey has shown that about 75% of onshore wind turbine 67 
failures are related to the minor errors occurring in the electrical and power electronic control systems 68 
of the turbines [6,7]. There is no doubt that the wet, salty and corrosive air in offshore environments 69 
will worsen the situation in offshore wind farms [8,9]. The crew transfer vessels are usually 14-20 m 70 
long and are allowed to operate only when the significant wave height is less than 1.8 m. Due to the 71 
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small hull and limited deck spaces, they are not equipped with proven motion stabilization and wave 72 
compensation system. Consequently, their seakeeping performance is relatively poor particularly in 73 
rough waves. Therefore, they are unable to provide sufficiently safe transfer between the vessel and 74 
wind turbines. However, the safe transfer between the vessel and wind turbines is crucial in the 75 
operation and maintenance of offshore wind turbines as unsafe transfer would place the maintenance 76 
crew at a high risk of injury. It can also cause serious damage to the wind turbines, as illustrated in 77 
Fig.1. 78 
 79 
 80 
Fig.1 Risks caused by the unsafe transfer between the vessel and offshore wind turbines 81 
 82 
The unsafe transfer between the crew transfer vessel and wind turbines is largely due to the poor 83 
seakeeping performance of the vessel (i.e. unstable motion of the vessel in rough waves). However, 84 
the proven vessel motion stabilization techniques (e.g. gyro stabilizer, active fin stabilizer, anti-rolling 85 
tanks, active ballast system, etc.) that have been reviewed in [10-12] and popularly used in large 86 
vessels are not applicable to crew transfer vessels due to the small hull and limited deck spaces of the 87 
vessels. In order to address this issue, many techniques and methods, either simple or complex, have 88 
been attempted in the past years. Among these techniques, two most popular ones are illustrated in 89 
Fig.2. 90 
 91 
  
(a) Rubber bumper system (b) Hydraulic gripper system 
Fig.2 Two most popular techniques for achieving safe transfer between crew transfer vessels and 
offshore wind turbines 
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 92 
(1)  Rubber bumper system – realizes access by creating frictional contact between the vessel and 93 
the ladder of offshore wind turbines. The rubber bumper on the vessel bow will form the contact point. 94 
To limit the vessel’s motions at the point of contact, one has to keep the thrusters running over the 95 
whole period to push the boat against the turbine to create sufficient friction. Such a method is limited 96 
by wave conditions, e.g. the vessel may lose its contact with the turbine when wave condition is rough. 97 
That will make the safe transfer between the vessel and wind turbines no longer possible. Moreover, 98 
the thrusters are kept running in the whole period, which makes the transfer uneconomical on fuel. In 99 
addition, the huge pushing force by the thrusters may cause potential damage to the structures of wind 100 
turbines, see Fig.1. Where, the paint on wind turbine structure was seriously damaged by the vessel. 101 
As a consequence of the loss of paints, the turbine structure is exposed in the sea water and/or wet air. 102 
That will cause corrosion of the structure if not being repaired in time;      103 
(2) Hydraulic gripper system – enables the vessel to grip turbine ladder using two hydraulic 104 
grippers. It reduces the friction-induced damage to turbine structure via rollers. In comparison of the 105 
aforementioned rubber bumper system, it does not request the thrusters to keep running after the 106 
vessel is locked on turbine ladder by hydraulic grippers. Therefore, it allows fuel saving. However, 107 
due to the almost fixed contact point the deck of the vessel may be flooded when experiencing rough 108 
waves, making transfer not safe anymore. 109 
In order to improve the safe transfer between the crew transfer vessel and offshore wind turbines, a 110 
new motion stabilization technique is numerically and experimentally studied in this paper with the 111 
aid of software ANSYS AQWA and the marine testing facilities in the hydro-laboratory of Newcastle 112 
University. This new vessel stabilizing technique is proposed with the inspiration of the great 113 
contribution of heave plate to suppressing the heave motion of floating structures [13,14]. The major 114 
research interest of this paper is to investigate the contributions of heave plates to the motion stability 115 
of the vessel, particularly in heave, roll and pitch directions that are critical to the safety of transfer. 116 
The influences of the size of heave plates and their underwater distance on the motions of the vessel 117 
are investigated under various wave conditions by using both numerical analysis and experimental 118 
testing approaches. The investigation results have shown that the proposed motion stabilization 119 
technique does effectively constrain the motions of the vessel in all six degree of freedom. Moreover, 120 
the proposed technique is cheap and easy to deploy on the crew transfer vessels in contrast to those 121 
existing proven motion stabilization measures.     122 
 123 
2 Numerical Research 124 
 125 
2.1 Numerical model 126 
In order to facilitate the numerical research, firstly a computational fluid dynamics (CFD) model of 127 
the offshore wind farm crew transfer vessels was developed in ANSYS AQWA, as shown in Fig.3. It 128 
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is 5.61 m long, 1.65 m wide, and 0.7 m high. Its draft is 0.3 m and it is assumed to operate in 30 m 129 
depth water. Four extendable ‘legs’ are designed in the model in order to place the heave plates at 130 
different underwater distances.  A point mass,  2330.90 kg, was defined to indicate the mass and 131 
the centre of gravity of the vessel. The moment of inertia of the model is estimated by 132 
 133 
 134 
Fig.3 Numerical model of the crew transfer vessel when wave direction angle is 0 degree 135 
 136 
                                                       
      
 
            
      
        
        
                                                              (1) 137 
where              .      refers to the radius of gyration in different directions.  Given the length 138 
and beam of the vessel are respectively   and  , then the value of      can be estimated by  139 
                                                 
           
           
           
                                                                                     (2) 140 
Using (1) and (2), it can be readily obtained that               
 ,              
 , and 141 
             
 , respectively. 142 
In order to obtain a reliable prediction to the motion stabilization effect of the proposed technique, 143 
the meshing method of the CFD model is carefully considered before starting the numerical 144 
calculations. The CFD model was discretized by using different sizes of elements, and then the ideal 145 
meshing method can be readily identified from convergence curves. For example, the convergence 146 
curve of the vessel’s Response Amplitude Operator (RAO) in pitch direction obtained at wave 147 
frequency of 0.5 Hz is shown in Fig.4. Herein, it is essential to note that the RAO is a transfer 148 
function used to reflect the effect of sea waves on the motion of a floating structure.  149 
 150 
 151 
Fig.4 Convergence of the pitch motion of the vessel against different number of nodes 152 
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     From Fig.4, it is seen that with the increase of the number of nodes (i.e. decreasing size of meshing 153 
elements), the calculated value of the pitch RAO shows a general decreasing tendency with the 154 
increasing number of nodes. The value of the RAO finally reaches a saturated value of 0.000157 155 
rad/m when the number of nodes is 20,700, which corresponds to the maximum element size of 0.06 156 
m. This suggests that a reliable prediction to the vessel’s motions can be achieved from the numerical 157 
CFD calculations as long as the maximum element size is smaller than 0.06 m. Therefore, the 158 
maximum element size is set to be 0.05 m in the following calculations in order to fully guarantee the 159 
reliability of the research conclusions drawn from the following numerical investigations. 160 
Accordingly, the corresponding value of defeaturing tolerance was set to be 0.025 in the following 161 
numerical calculations as the defeaturing tolerance must be two times smaller than the maximum 162 
element size. The meshing details are listed in Table 1. It is worth noting that the model meshing in 163 
this research was implemented only on the surface of the model as the ‘vessel’ is a shell structure. 164 
Therefore, only the maximum element size is needed to define in the meshing processing. The actual 165 
size and the type of individual meshes will be automatically determined by the software based on the 166 
local changes of the model geometries and waves.   167 
 168 
Table 1. Meshing details 169 
Parameter No. of nodes No. of elements 
No. of diffracting 
nodes 
No. of diffracting 
elements 
Value 29,556 29,100 13,165 12,967 
 170 
Before proceeding to numerical calculation, some software settings need to be defined as well in 171 
advance. The details of these settings are listed in Table 2 to enable the interested readers to repeat the 172 
calculations.    173 
 174 
                      Table 2. Software analysis settings 175 
Parallel Processing Program Controlled 
Generate Wave Grid Pressures Yes 
Wave Grid Size Factor 2 
Ignore Modelling Rule Violations Yes 
Calculate Extreme Low/High Frequencies Yes 
Calculate Drift Coefficients Yes 
Include Multi-Directional Wave Interaction Yes 
Near Field Solution Program Controlled 
Linearized Morison Drag Yes 
ASCII Hydrodynamic Database No 
Example of Hydrodynamic Database No 
     176 
In Table 2, the item ‘Ignore Modelling Rule Violations’ was set to be ‘Yes’, so that the software is 177 
allowed to give alert once an error occurs in the calculation. Otherwise, the software will stop 178 
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calculation without giving any warning when an error occurs. In addition, the item ‘Linearized 179 
Morison Drag’ should be set to be ‘Yes’ too, allowing the heave plates and the ‘vessel’ to be 180 
simulated as one structure. Otherwise, the heave plates will not be simulated in the calculation if the 181 
status of this item was set to be ‘No’. Moreover, only after the status of the item ‘Linearized Morison 182 
Drag’ is set to be ‘Yes’, an irregular wave spectrum (e.g. Pierson-Moskowitz) is allowed to be 183 
inserted into the hydrodynamic diffraction to activate the heave plates. 184 
 185 
2.2 CFD calculations 186 
    With the completion of all the aforementioned settings, the motion stability of the vessel 187 
equipped with four heave plates are investigated under beam sea conditions (i.e. sea waves approach 188 
the vessel from broadside). In order to simplify the calculations, the same significant wave height 10 189 
m was considered in all of the following calculations, whilst the wave frequency was designed to 190 
change gradually from 0 to 1 Hz. As usual, the RAO is employed to assess the stability of the vessel 191 
in all six degree of freedom. The software will automatically calculate the vessel’s RAOs in all 192 
directions upon the completion of CFD calculations. In order to investigate the influences of the size 193 
and underwater distance of the heave plates on the motions of the crew transfer vessel, five different 194 
underwater distances, i.e. 0.5, 0.7, 1.0, 1.2 and 1.5 m, and six different diameters of the heave plates, 195 
i.e. 0, 0.1, 0.2, 0.3, 0.4 and 0.5 m, are considered in numerical investigations. Therefore, the whole 196 
numerical investigation consists of the following two parts:  197 
Part I – is to investigate the influences of the size of heave plates on the motions of the vessel 198 
under various wave conditions. In this part, the size of heave plates is variable, while their underwater 199 
distance is fixed. To ease understanding, the RAOs of the vessel in all six directions are shown in 200 
Fig.5, which are obtained when the underwater distance is 1 m and the diameter of the heave plates is 201 
respectively 0, 0.1, 0.2, 0.3, 0.4, and 0.5 m. Herein, diameter ‘0 m’ means that there is no heave plate 202 
is applied to the vessel. Considering the motion stability of the vessel can be best assessed when 203 
resonant vibration happens, only the calculated RAOs in the resonant regions of the vessel are 204 
analysed. 205 
 206 
  
(a) Surge direction (b) Sway direction 
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(c) Heave direction (d) Roll direction 
  
(e) Pitch direction (f) Yaw direction 
Fig.5 Influences of the size of heave plate on the motions of the crew transfer vessel 
 207 
 208 
From Figs.5c and d, it is found that heave plates do significantly constrain the motions of the vessel 209 
in heave and roll directions. Moreover, the larger the size of the heave plates, the more the motions 210 
are reduced. In contrast to the motion reduction in heave and roll directions, Fig.5e indicates that the 211 
vessel’s pitch motion is less affected by the heave plates although the larger contribution of bigger 212 
heave plates to pitch motion reduction at corresponding frequencies can still be observed from the 213 
curves. This is because, as mentioned at the beginning of Section 2.2, the sea waves that are 214 
considered in the calculations are beam sea waves that approach the vessel from broadside. It is well 215 
known that beam sea waves have little influence on the pitch motion of the vessel. Such a 216 
phenomenon fully demonstrates that the CFD model developed in this paper is completely right and 217 
the its prediction to the vessel’s motions is reliable. Such a conclusion is further proved by the RAOs 218 
shown in Figs.5a, b and f. Since the beam sea waves approach the vessel from broadside, significant 219 
sway motions of the vessel are clearly observed from Fig.5b. However, as shown in Fig.5b, the 220 
vessel’s sway motion is irrelative to the change of the size of the heave plates. This is because the 221 
sway direction damping of the system is nearly not influenced by the heave plates. Likewise, the 222 
change in the size of heave plates does not change the system’s damping either in surge and yaw 223 
directions. Therefore, the influences of the heave plates on the RAOs in these two directions are also 224 
very small and ignorable, as shown in Figs.5a and f.       225 
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 Part II – is to investigate how the underwater distance of the heave plates affect the motions of the 226 
vessel under different wave conditions. Different from the investigations conducted in Part I, the 227 
underwater distance of the heave plates is variable, while the size of the plates is fixed. To ease 228 
understanding, the RAOs of the vessel, obtained when the diameter of the heave plates is 0.5 m whilst 229 
their underwater distance is respectively 0.5, 0.7, 1.0, 1.2 and 1.5 m, are shown in Fig.6. Considering 230 
the motions of the vessel in the directions of heave, roll and pitch are more important to the safe 231 
operation of the crew transfer vessel, only the RAOs in these three directions are shown in Fig.6 in 232 
order to keep a concise context of the paper.  233 
 234 
  
(a) Heave direction (b) Roll direction 
 
(c) Pitch direction 
Fig.6 Influence of the underwater distance of heave plates on the motions of crew transfer vessel 
  235 
    From Fig.6, it is found that the underwater distance of heave plates does have a significant 236 
influence on the motion stability of the vessel, i.e. the deeper the heave plates are placed, the more the 237 
motions of the vessel are constrained in all these three directions. This is because according to wave 238 
theory, the energy of sea wave will decay gradually with the increase of the distance away from free 239 
water surface. Consequently, the sea waves will have less influence on the heave plates when they are 240 
placed at deeper underwater distance. In the meantime, the hydrodynamic damping of the system will 241 
increase with the increase of the underwater distance of the heave plates. Therefore, more motion 242 
reduction is observed when the heave plates are placed at deeper water distance. But as observed from 243 
Fig.5, the RAO values shown in Fig.6c are much smaller than those in Figs.6a and b, because the 244 
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beam sea waves have significant influences on the heave and roll motions of the vessel, whilst have 245 
less influence on the vessel’s pitch motion.     246 
 247 
3 Experimental Research 248 
 249 
3.1 Testing facilities and data processing method 250 
In order to verify the findings in the aforementioned numerical research and investigate the actual 251 
contribution of the heave plates to stabilizing the motion of the crew transfer vessel, experimental 252 
research was further conducted with the aid of the marine testing facilities in the hydro-laboratory of 253 
Newcastle University. The towing tank for conducting motion tests, the ‘Qualisys’ system for data 254 
acquisition, and the physical model of the crew transfer vessel equipped with four extension legs and 255 
heave plates, are shown in Fig.7. The geometries of the physical model of the vessel and the wave 256 
conditions simulated in the experimental tests are listed in Table 3.    257 
 258 
 259 
  
(a) Towing tank for conducting motion tests (b) Qualisys system for data acquisition 
 
(c) Physical model of the vessel being tested 
Fig.7 Testing facilities in the hydro-laboratory of Newcastle University 
 260 
 261 
 262 
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Table 3. Geometries of the physical model and sea waves being simulated in the tests 263 
Geometries of the physical model Wave conditions simulated in the tests 
Length 2 m Scenario 1 Wave period 0.5 s, wave height 0.12 m 
Beam 0.5 m Scenario 2 Wave period 1.0 s, wave height 0.12 m 
Draft 0.1 m Scenario 3 Wave period 1.5 s, wave height 0.12 m 
Freeboard 0.06 m Scenario 4 Wave period 2.0 s, wave height 0.12 m 
 264 
    Similarly, beam sea wave conditions are considered in the experimental tests. In each scenario of 265 
wave condition, the motions of the physical model of the vessel in all six degree of freedom are tested 266 
when the underwater distance of the heave plates is 0.05, 0.15, 0.25 and 0.35 m and their diameter is 267 
respectively 0, 0.05, 0.15, 0.25 and 0.35 m. Accordingly, there are total 80 tests are conducted in the 268 
experimental research. Considering it is unlikely to show all testing results within the limited context 269 
of the paper and the motion stability of the vessel in heave, roll and pitch directions are more 270 
important to the safe operation of the crew transfer vessel, only the testing results in these three 271 
directions are discussed in the following. To ease understanding, the time waveforms of the vessel 272 
motions measured when the wave period   is respectively 1.0 s and 1.5 s are illustrated in Fig.8 as 273 
illustrative examples.   274 
From Fig.8, it is seen that regardless of the wave period, the vessel’s motions in heave, roll and 275 
pitch directions are significantly reduced after the heave plates are applied to the vessel. Moreover, 276 
the larger the size of the heave plates, the more the motion are reduced. But as expected, the pitch 277 
motions of the vessel are generally much smaller than its roll motions as the waves in the tests are 278 
beam sea waves.   279 
 280 
  
(a) Heave direction,         (b) Heave direction,         
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(c) Roll direction,         (d) Roll direction,         
  
(e) Pitch direction,         (f) Pitch direction,         
Fig.8 The measured motions of the physical model of the vessel 
 281 
To facilitate motion assessment, the RAOs of the vessel in all these three directions are calculated. 282 
In theory, when a floating structure is excited by a regular wave with constant amplitude    and 283 
constant frequency , its response will be an oscillation of the same frequency   and with a constant 284 
amplitude         . Then, the RAO of the floating structure can be calculated by using equation 285 
                                                                     
    
     
                                                                       (3) 286 
where  
  
 
 and       are respectively the frequency and amplitude of exciting waves,      is the 287 
amplitude of the corresponding response of the floating structure. 288 
    However, it is noticed from Fig.8 that in reality the practical response amplitude of the structure is 289 
not always constant over time due to various reasons (e.g. the interference of the waves returning 290 
from the end of the towing tank). In order to improve the accuracy of RAO calculations, a root-mean-291 
square-value based method is often adopted in the practical calculation. Assume the measured 292 
elevation of the exciting wave is               and the measured elevation of the structure 293 
response is             , the RAO can be estimated by [15] 294 
                                                           
               
 
 
               
 
   
 
 
                                                                  (4) 295 
where     and   are the mean values of       and     .    296 
The calculation method described in (4) is simple in calculation and robust against noise. It is 297 
however unable to mitigate the negative influences of those sub- and higher orders of frequency 298 
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components in the sea waves on the accuracy of RAO. For this reason, a new RAO assessment 299 
method is proposed in the following in order to assure the reliability of the RAO assessment result, i.e. 300 
                                                              
     
      
                                                                           (5) 301 
where       and        are the values of the power spectral density of signals      and       at the 302 
fundamental frequency   of the exciting waves. They are calculated by 303 
                                                      
               
      
 
  
    
                  
      
 
  
                                                       (6) 304 
where      .         and           are the autocorrelation of the measured signals      and       305 
at the time moment of  . They can be readily calculated using the following equations 306 
                                 
                            
 
 
               
   
    
         
                                
 
 
                 
   
    
                    307 
(7) 308 
where      denotes expected value. 309 
    From (5)-(7), it is seen that the value of the calculated RAO is only dependant on the values of the 310 
power spectral density of the exciting wave       and response      at fundamental frequency  . It is 311 
not affected by the other frequency components           contained in sea waves. Therefore, the 312 
RAO assessed by using the power-spectral-density based method should be more accurate and reliable 313 
than those obtained by using the conventional root-mean-square-value based method.  314 
 315 
3.2 Experimental results  316 
In order to verify the findings in the numerical research, influences of both the size and the 317 
underwater distance of the heave plates on the motions of the crew transfer vessel are investigated in 318 
the following. The measured wave and vessel response data are processed by using the method 319 
proposed in section 3.1. The resultant RAOs under different wave conditions are shown in Figs.9 and 320 
10. In order to keep a concise context of the paper, only the RAO assessment results obtained when 321 
the underwater distance is 0.05 and 0.15 m are illustrated in Fig.9, and only the RAOs obtained when 322 
the diameter of the heave plates is 0.4 m are shown in Fig.10.    323 
          324 
 325 
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(a) Heave direction, underwater distance is 0.05 
m 
(b) Heave direction, underwater distance is 0.15 
m 
  
(c) Roll direction, underwater distance is 0.05 m (d) Roll direction, underwater distance is 0.15 m 
  
(e) Pitch direction, underwater distance is 0.05 
m 
(f) Pitch direction, underwater distance is 0.15 m 
Fig.9 Influences of the size of heave plates at underwater distances 0.05 m and 0.15 m 
 326 
From Fig.9, it is seen that regardless of the underwater distance that the heave plates are placed, the 327 
motions of the vessel in heave, roll and pitch are significantly reduced after the heave plates are 328 
applied to the vessel. Moreover, the larger the size of the heave plates, the more the motions of the 329 
vessel are constrained, particularly in the resonant frequency region of 0.6 - 2 Hz. Such a phenomenon 330 
is completely in consistence with the findings in the numerical research. In addition, through 331 
comparing the RAO curves corresponding to different sizes of heave plates, it is noticed that the 332 
application of the heave plates more or less decreases the values of the natural frequencies of the 333 
vessel. Moreover, the larger the size of the heave plates, the more the natural frequency of the vessel 334 
decreases. This is because the heave plates not only increase the physical mass of the vessel but also 335 
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increase the added mass of the vessel. As a consequence, the natural frequency of the whole ‘vessel + 336 
heave plates’ system is correspondingly decreased. Additionally, the comparison of Fig.5 and Fig.9 337 
interestingly indicates that the effect of heave plate on the vessel’s motion stability can be more 338 
clearly observed from the experimental results in Fig.9 rather than from the numerical simulation 339 
results in Fig.5. This is because water is a viscous fluid. The viscosity of water will amplify the 340 
motion reduction effect of the heave plates. However, the viscosity of water is neglected in the CFD 341 
calculations to ensure the differential hydrodynamics equations to be tractable. 342 
 343 
 344 
  
(a) Heave direction (b) Roll direction 
 
(c) Pitch direction 
Fig.10 Influences of the underwater distance of heave plates 
 345 
     346 
    From Fig.10, it is found that the distance that the heave plates are placed under water surface does 347 
have a significant influence as well on the motions of the vessel. Moreover, the deeper that the heave 348 
plates are placed under water surface, the more the motion of the vessel can be constrained by the 349 
heave plates. Such a phenomenon agrees very well with those observed from the numerical simulation 350 
results shown in Fig.6. Additionally, as predicted in Fig.6, it is found from Fig.10 that the beam sea 351 
waves do have more significant influence on the vessel’s heave and roll motions than on its pitch 352 
motion.     353 
16 | P a g e  
 
 354 
4 Conclusions 355 
 356 
Crew transfer vessels are playing a vital role in the operation and maintenance of offshore wind farms. 357 
However, the present crew transfer vessels have limited capability to provide safe transfer between 358 
the vessel and wind turbines. This significantly lowers the efficiency of offshore wind farm 359 
maintenance activities. In view of this, a cost-effective motion stabilization technique is studied in this 360 
paper by using both numerical simulation and experimental testing approaches. From the researches 361 
described above, three key conclusions can be drawn: 362 
(1) Heave plate does show an outstanding capability in stabilizing the motions of offshore wind farm 363 
crew transfer vessel. Moreover, the larger the size of heave plates, the more the motions of the 364 
vessel will be constrained particularly in the resonant frequency region of the vessel; 365 
(2) The installation of the heave plates also has influence on their motion stabilization effect. The 366 
deeper the heave plates are placed under water surface, the more the motions of the vessel will be 367 
reduced; 368 
(3) The comparison of the numerical simulation and experimental testing results has disclosed that 369 
the viscosity of water can further amplify the motion stabilization effect of heave plates; 370 
 371 
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Abstract 11 
 12 
The rapidly growing offshore wind industry is calling for more crew transfer vessels to deliver 13 
increasing number of minor maintenance tasks as about 75% of onshore wind turbine failures are 14 
related to the minor errors occurring in the electrical and power electronic systems of the turbines. 15 
The situation in offshore wind farms may be worse due to the wet, salty and corrosive air in offshore 16 
environments. Due to the limitations of small hull and deck spaces, there is difficulty to apply the 17 
proven motion stabilization techniques to wind farm crew transfer vessels. Consequently, the present 18 
crew transfer vessels have limited capability in providing safe transfer between the vessel and wind 19 
turbines, particularly in rough sea waves. To tackle this issue, a new motion stabilization technique is 20 
studied in this paper by using both numerical analysis and experimental testing approaches. Through 21 
investigating the vessel’s motions under different wave conditions before and after applying the 22 
proposed technique, it is found that the heave, roll and pitch motions of the vessel, especially in its 23 
resonant frequency regions, have been successfully constrained after applying the proposed stabilizing 24 
technique. Moreover, the amount of motion reduction can be further improved through optimizing the 25 
size of stabilizers and their underwater distance. 26 
 27 
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1 Background 35 
 36 
Together with solar, hydro-power, geothermal and other renewable energy forms as well as the 37 
emergence of sophisticated grid management and affordable energy storage, wind is playing an 38 
increasingly vital role in developing a fossil-free power society. According to the annual market 39 
report released by the Global Wind Energy Council (GWEC), the annual installed wind capacity is 40 
52,573 MW in 2017. This brings the global total installed wind capacity to 539,581 MW, of which 3.5% 41 
is from offshore [1]. There is no doubt that the present offshore wind industry is in infancy and its 42 
market share is still ‘tiny’. However, exploiting offshore wind resources has become an irreversible 43 
tendency in the wind industry attributing to the stable and high wind speed offshore and the absence 44 
of land use issues in open sea. According to the recent survey by the GWEC, the total installed 45 
offshore wind capacity has reached 18,814 MW by the end of 2017, versus 14,483 MW in 2016 and 46 
12,167 MW in 2015 [1]. It is sure that such a growing tendency will continue in the following years. 47 
Take the UK offshore wind market as an example, the installed offshore wind capacity is predicted to 48 
increase from the present 5.07 GW to 10 GW by 2020, which will attract £16-21bn more investment 49 
into the UK market [2]. That means that there will be thousands of wind turbines scattering in a very 50 
large sea area. Due to the harsh offshore environment and limited maintenance window of offshore 51 
wind farms, how to access so many wind turbines and ensure their safe operation over the whole 52 
service life has become a challenging and difficult issue that must be urgently solved today.  53 
At present, helicopter and wind farm service vessel (WFSV) are two major tools used for accessing 54 
offshore wind farms and the latter is comparatively cheap in practical application [3]. To date, there 55 
have been more than 250 WFSVs are serving in the UK offshore wind market and the fleet is still 56 
growing to meet the expanding market of offshore wind [4]. Among these vessels, some are large in 57 
size and designed for conducting major maintenance tasks. They are equipped with powerful cranes 58 
(for lifting large and heavy wind turbine components to heights) and advanced wave compensation 59 
system (for providing safe transfer between the vessel and wind turbines, such as the A400 gangway 60 
system developed by Vroon Offshore Services and Ampelmann [5]). But in contrast to these large 61 
maintenance vessels, more WFSWs are crew transfer vessels that are small in size and designed for 62 
transferring maintenance crews and delivering minor maintenance tasks. Moreover, it is believed that 63 
a larger number of vessels of the kind will be demanded by future offshore wind farms. This is 64 
because the electrical and power electronic components in wind turbines are more vulnerable to 65 
failure than their mechanical counterparts, whilst the failures of these kinds of systems can be fixed 66 
via minor maintenance.  For example, the survey has shown that about 75% of onshore wind turbine 67 
failures are related to the minor errors occurring in the electrical and power electronic control systems 68 
of the turbines [6,7]. There is no doubt that the wet, salty and corrosive air in offshore environments 69 
will worsen the situation in offshore wind farms [8,9]. The crew transfer vessels are usually 14-20 m 70 
long and are allowed to operate only when the significant wave height is less than 1.8 m. Due to the 71 
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small hull and limited deck spaces, they are not equipped with proven motion stabilization and wave 72 
compensation system. Consequently, their seakeeping performance is relatively poor particularly in 73 
rough waves. Therefore, they are unable to provide sufficiently safe transfer between the vessel and 74 
wind turbines. However, the safe transfer between the vessel and wind turbines is crucial in the 75 
operation and maintenance of offshore wind turbines as unsafe transfer would place the maintenance 76 
crew at a high risk of injury. It can also cause serious damage to the wind turbines, as illustrated in 77 
Fig.1. 78 
 79 
 80 
Fig.1 Risks caused by the unsafe transfer between the vessel and offshore wind turbines 81 
 82 
The unsafe transfer between the crew transfer vessel and wind turbines is largely due to the poor 83 
seakeeping performance of the vessel (i.e. unstable motion of the vessel in rough waves). However, 84 
the proven vessel motion stabilization techniques (e.g. gyro stabilizer, active fin stabilizer, anti-rolling 85 
tanks, active ballast system, etc.) that have been reviewed in [10-12] and popularly used in large 86 
vessels are not applicable to crew transfer vessels due to the small hull and limited deck spaces of the 87 
vessels. In order to address this issue, many techniques and methods, either simple or complex, have 88 
been attempted in the past years. Among these techniques, two most popular ones are illustrated in 89 
Fig.2. 90 
 91 
  
(a) Rubber bumper system (b) Hydraulic gripper system 
Fig.2 Two most popular techniques for achieving safe transfer between crew transfer vessels and 
offshore wind turbines 
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 92 
(1)  Rubber bumper system – realizes access by creating frictional contact between the vessel and 93 
the ladder of offshore wind turbines. The rubber bumper on the vessel bow will form the contact point. 94 
To limit the vessel’s motions at the point of contact, one has to keep the thrusters running over the 95 
whole period to push the boat against the turbine to create sufficient friction. Such a method is limited 96 
by wave conditions, e.g. the vessel may lose its contact with the turbine when wave condition is rough. 97 
That will make the safe transfer between the vessel and wind turbines no longer possible. Moreover, 98 
the thrusters are kept running in the whole period, which makes the transfer uneconomical on fuel. In 99 
addition, the huge pushing force by the thrusters may cause potential damage to the structures of wind 100 
turbines, see Fig.1. Where, the paint on wind turbine structure was seriously damaged by the vessel. 101 
As a consequence of the loss of paints, the turbine structure is exposed in the sea water and/or wet air. 102 
That will cause corrosion of the structure if not being repaired in time;      103 
(2) Hydraulic gripper system – enables the vessel to grip turbine ladder using two hydraulic 104 
grippers. It reduces the friction-induced damage to turbine structure via rollers. In comparison of the 105 
aforementioned rubber bumper system, it does not request the thrusters to keep running after the 106 
vessel is locked on turbine ladder by hydraulic grippers. Therefore, it allows fuel saving. However, 107 
due to the almost fixed contact point the deck of the vessel may be flooded when experiencing rough 108 
waves, making transfer not safe anymore. 109 
In order to improve the safe transfer between the crew transfer vessel and offshore wind turbines, a 110 
new motion stabilization technique is numerically and experimentally studied in this paper with the 111 
aid of software ANSYS AQWA and the marine testing facilities in the hydro-laboratory of Newcastle 112 
University. This new vessel stabilizing technique is proposed with the inspiration of the great 113 
contribution of heave plate to suppressing the heave motion of floating structures [13,14]. The major 114 
research interest of this paper is to investigate the contributions of heave plates to the motion stability 115 
of the vessel, particularly in heave, roll and pitch directions that are critical to the safety of transfer. 116 
The influences of the size of heave plates and their underwater distance on the motions of the vessel 117 
are investigated under various wave conditions by using both numerical analysis and experimental 118 
testing approaches. The investigation results have shown that the proposed motion stabilization 119 
technique does effectively constrain the motions of the vessel in all six degree of freedom. Moreover, 120 
the proposed technique is cheap and easy to deploy on the crew transfer vessels in contrast to those 121 
existing proven motion stabilization measures.     122 
 123 
2 Numerical Research 124 
 125 
2.1 Numerical model 126 
In order to facilitate the numerical research, firstly a computational fluid dynamics (CFD) model of 127 
the offshore wind farm crew transfer vessels was developed in ANSYS AQWA, as shown in Fig.3. It 128 
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is 5.61 m long, 1.65 m wide, and 0.7 m high. Its draft is 0.3 m and it is assumed to operate in 30 m 129 
depth water. Four extendable ‘legs’ are designed in the model in order to place the heave plates at 130 
different underwater distances.  A point mass,  2330.90 kg, was defined to indicate the mass and 131 
the centre of gravity of the vessel. The moment of inertia of the model is estimated by 132 
 133 
 134 
Fig.3 Numerical model of the crew transfer vessel when wave direction angle is 0 degree 135 
 136 
                                                       
      
 
            
      
        
        
                                                              (1) 137 
where              .      refers to the radius of gyration in different directions.  Given the length 138 
and beam of the vessel are respectively   and  , then the value of      can be estimated by  139 
                                                 
           
           
           
                                                                                     (2) 140 
Using (1) and (2), it can be readily obtained that               
 ,              
 , and 141 
             
 , respectively. 142 
In order to obtain a reliable prediction to the motion stabilization effect of the proposed technique, 143 
the meshing method of the CFD model is carefully considered before starting the numerical 144 
calculations. The CFD model was discretized by using different sizes of elements, and then the ideal 145 
meshing method can be readily identified from convergence curves. For example, the convergence 146 
curve of the vessel’s Response Amplitude Operator (RAO) in pitch direction obtained at wave 147 
frequency of 0.5 Hz is shown in Fig.4. Herein, it is essential to note that the RAO is a transfer 148 
function used to reflect the effect of sea waves on the motion of a floating structure.  149 
 150 
 151 
Fig.4 Convergence of the pitch motion of the vessel against different number of nodes 152 
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     From Fig.4, it is seen that with the increase of the number of nodes (i.e. decreasing size of meshing 153 
elements), the calculated value of the pitch RAO shows a general decreasing tendency with the 154 
increasing number of nodes. The value of the RAO finally reaches a saturated value of 0.000157 155 
rad/m when the number of nodes is 20,700, which corresponds to the maximum element size of 0.06 156 
m. This suggests that a reliable prediction to the vessel’s motions can be achieved from the numerical 157 
CFD calculations as long as the maximum element size is smaller than 0.06 m. Therefore, the 158 
maximum element size is set to be 0.05 m in the following calculations in order to fully guarantee the 159 
reliability of the research conclusions drawn from the following numerical investigations. 160 
Accordingly, the corresponding value of defeaturing tolerance was set to be 0.025 in the following 161 
numerical calculations as the defeaturing tolerance must be two times smaller than the maximum 162 
element size. The meshing details are listed in Table 1. It is worth noting that the model meshing in 163 
this research was implemented only on the surface of the model as the ‘vessel’ is a shell structure. 164 
Therefore, only the maximum element size is needed to define in the meshing processing. The actual 165 
size and the type of individual meshes will be automatically determined by the software based on the 166 
local changes of the model geometries and waves.   167 
 168 
Table 1. Meshing details 169 
Parameter No. of nodes No. of elements 
No. of diffracting 
nodes 
No. of diffracting 
elements 
Value 29,556 29,100 13,165 12,967 
 170 
Before proceeding to numerical calculation, some software settings need to be defined as well in 171 
advance. The details of these settings are listed in Table 2 to enable the interested readers to repeat the 172 
calculations.    173 
 174 
                      Table 2. Software analysis settings 175 
Parallel Processing Program Controlled 
Generate Wave Grid Pressures Yes 
Wave Grid Size Factor 2 
Ignore Modelling Rule Violations Yes 
Calculate Extreme Low/High Frequencies Yes 
Calculate Drift Coefficients Yes 
Include Multi-Directional Wave Interaction Yes 
Near Field Solution Program Controlled 
Linearized Morison Drag Yes 
ASCII Hydrodynamic Database No 
Example of Hydrodynamic Database No 
     176 
In Table 2, the item ‘Ignore Modelling Rule Violations’ was set to be ‘Yes’, so that the software is 177 
allowed to give alert once an error occurs in the calculation. Otherwise, the software will stop 178 
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calculation without giving any warning when an error occurs. In addition, the item ‘Linearized 179 
Morison Drag’ should be set to be ‘Yes’ too, allowing the heave plates and the ‘vessel’ to be 180 
simulated as one structure. Otherwise, the heave plates will not be simulated in the calculation if the 181 
status of this item was set to be ‘No’. Moreover, only after the status of the item ‘Linearized Morison 182 
Drag’ is set to be ‘Yes’, an irregular wave spectrum (e.g. Pierson-Moskowitz) is allowed to be 183 
inserted into the hydrodynamic diffraction to activate the heave plates. 184 
 185 
2.2 CFD calculations 186 
    With the completion of all the aforementioned settings, the motion stability of the vessel 187 
equipped with four heave plates are investigated under beam sea conditions (i.e. sea waves approach 188 
the vessel from broadside). In order to simplify the calculations, the same significant wave height 10 189 
m was considered in all of the following calculations, whilst the wave frequency was designed to 190 
change gradually from 0 to 1 Hz. As usual, the RAO is employed to assess the stability of the vessel 191 
in all six degree of freedom. The software will automatically calculate the vessel’s RAOs in all 192 
directions upon the completion of CFD calculations. In order to investigate the influences of the size 193 
and underwater distance of the heave plates on the motions of the crew transfer vessel, five different 194 
underwater distances, i.e. 0.5, 0.7, 1.0, 1.2 and 1.5 m, and six different diameters of the heave plates, 195 
i.e. 0, 0.1, 0.2, 0.3, 0.4 and 0.5 m, are considered in numerical investigations. Therefore, the whole 196 
numerical investigation consists of the following two parts:  197 
Part I – is to investigate the influences of the size of heave plates on the motions of the vessel 198 
under various wave conditions. In this part, the size of heave plates is variable, while their underwater 199 
distance is fixed. To ease understanding, the RAOs of the vessel in all six directions are shown in 200 
Fig.5, which are obtained when the underwater distance is 1 m and the diameter of the heave plates is 201 
respectively 0, 0.1, 0.2, 0.3, 0.4, and 0.5 m. Herein, diameter ‘0 m’ means that there is no heave plate 202 
is applied to the vessel. Considering the motion stability of the vessel can be best assessed when 203 
resonant vibration happens, only the calculated RAOs in the resonant regions of the vessel are 204 
analysed. 205 
 206 
  
(a) Surge direction (b) Sway direction 
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(c) Heave direction (d) Roll direction 
  
(e) Pitch direction (f) Yaw direction 
Fig.5 Influences of the size of heave plate on the motions of the crew transfer vessel 
 207 
 208 
From Figs.5c and d, it is found that heave plates do significantly constrain the motions of the vessel 209 
in heave and roll directions. Moreover, the larger the size of the heave plates, the more the motions 210 
are reduced. In contrast to the motion reduction in heave and roll directions, Fig.5e indicates that the 211 
vessel’s pitch motion is less affected by the heave plates although the larger contribution of bigger 212 
heave plates to pitch motion reduction at corresponding frequencies can still be observed from the 213 
curves. This is because, as mentioned at the beginning of Section 2.2, the sea waves that are 214 
considered in the calculations are beam sea waves that approach the vessel from broadside. It is well 215 
known that beam sea waves have little influence on the pitch motion of the vessel. Such a 216 
phenomenon fully demonstrates that the CFD model developed in this paper is completely right and 217 
the its prediction to the vessel’s motions is reliable. Such a conclusion is further proved by the RAOs 218 
shown in Figs.5a, b and f. Since the beam sea waves approach the vessel from broadside, significant 219 
sway motions of the vessel are clearly observed from Fig.5b. However, as shown in Fig.5b, the 220 
vessel’s sway motion is irrelative to the change of the size of the heave plates. This is because the 221 
sway direction damping of the system is nearly not influenced by the heave plates. Likewise, the 222 
change in the size of heave plates does not change the system’s damping either in surge and yaw 223 
directions. Therefore, the influences of the heave plates on the RAOs in these two directions are also 224 
very small and ignorable, as shown in Figs.5a and f.       225 
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 Part II – is to investigate how the underwater distance of the heave plates affect the motions of the 226 
vessel under different wave conditions. Different from the investigations conducted in Part I, the 227 
underwater distance of the heave plates is variable, while the size of the plates is fixed. To ease 228 
understanding, the RAOs of the vessel, obtained when the diameter of the heave plates is 0.5 m whilst 229 
their underwater distance is respectively 0.5, 0.7, 1.0, 1.2 and 1.5 m, are shown in Fig.6. Considering 230 
the motions of the vessel in the directions of heave, roll and pitch are more important to the safe 231 
operation of the crew transfer vessel, only the RAOs in these three directions are shown in Fig.6 in 232 
order to keep a concise context of the paper.  233 
 234 
  
(a) Heave direction (b) Roll direction 
 
(c) Pitch direction 
Fig.6 Influence of the underwater distance of heave plates on the motions of crew transfer vessel 
  235 
    From Fig.6, it is found that the underwater distance of heave plates does have a significant 236 
influence on the motion stability of the vessel, i.e. the deeper the heave plates are placed, the more the 237 
motions of the vessel are constrained in all these three directions. This is because according to wave 238 
theory, the energy of sea wave will decay gradually with the increase of the distance away from free 239 
water surface. Consequently, the sea waves will have less influence on the heave plates when they are 240 
placed at deeper underwater distance. In the meantime, the hydrodynamic damping of the system will 241 
increase with the increase of the underwater distance of the heave plates. Therefore, more motion 242 
reduction is observed when the heave plates are placed at deeper water distance. But as observed from 243 
Fig.5, the RAO values shown in Fig.6c are much smaller than those in Figs.6a and b, because the 244 
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beam sea waves have significant influences on the heave and roll motions of the vessel, whilst have 245 
less influence on the vessel’s pitch motion.     246 
 247 
3 Experimental Research 248 
 249 
3.1 Testing facilities and data processing method 250 
In order to verify the findings in the aforementioned numerical research and investigate the actual 251 
contribution of the heave plates to stabilizing the motion of the crew transfer vessel, experimental 252 
research was further conducted with the aid of the marine testing facilities in the hydro-laboratory of 253 
Newcastle University. The towing tank for conducting motion tests, the ‘Qualisys’ system for data 254 
acquisition, and the physical model of the crew transfer vessel equipped with four extension legs and 255 
heave plates, are shown in Fig.7. The geometries of the physical model of the vessel and the wave 256 
conditions simulated in the experimental tests are listed in Table 3.    257 
 258 
 259 
  
(a) Towing tank for conducting motion tests (b) Qualisys system for data acquisition 
 
(c) Physical model of the vessel being tested 
Fig.7 Testing facilities in the hydro-laboratory of Newcastle University 
 260 
 261 
 262 
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Table 3. Geometries of the physical model and sea waves being simulated in the tests 263 
Geometries of the physical model Wave conditions simulated in the tests 
Length 2 m Scenario 1 Wave period 0.5 s, wave height 0.12 m 
Beam 0.5 m Scenario 2 Wave period 1.0 s, wave height 0.12 m 
Draft 0.1 m Scenario 3 Wave period 1.5 s, wave height 0.12 m 
Freeboard 0.06 m Scenario 4 Wave period 2.0 s, wave height 0.12 m 
 264 
    Similarly, beam sea wave conditions are considered in the experimental tests. In each scenario of 265 
wave condition, the motions of the physical model of the vessel in all six degree of freedom are tested 266 
when the underwater distance of the heave plates is 0.05, 0.15, 0.25 and 0.35 m and their diameter is 267 
respectively 0, 0.05, 0.15, 0.25 and 0.35 m. Accordingly, there are total 80 tests are conducted in the 268 
experimental research. Considering it is unlikely to show all testing results within the limited context 269 
of the paper and the motion stability of the vessel in heave, roll and pitch directions are more 270 
important to the safe operation of the crew transfer vessel, only the testing results in these three 271 
directions are discussed in the following. To ease understanding, the time waveforms of the vessel 272 
motions measured when the wave period   is respectively 1.0 s and 1.5 s are illustrated in Fig.8 as 273 
illustrative examples.   274 
From Fig.8, it is seen that regardless of the wave period, the vessel’s motions in heave, roll and 275 
pitch directions are significantly reduced after the heave plates are applied to the vessel. Moreover, 276 
the larger the size of the heave plates, the more the motion are reduced. But as expected, the pitch 277 
motions of the vessel are generally much smaller than its roll motions as the waves in the tests are 278 
beam sea waves.   279 
 280 
  
(a) Heave direction,         (b) Heave direction,         
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(c) Roll direction,         (d) Roll direction,         
  
(e) Pitch direction,         (f) Pitch direction,         
Fig.8 The measured motions of the physical model of the vessel 
 281 
To facilitate motion assessment, the RAOs of the vessel in all these three directions are calculated. 282 
In theory, when a floating structure is excited by a regular wave with constant amplitude    and 283 
constant frequency , its response will be an oscillation of the same frequency   and with a constant 284 
amplitude         . Then, the RAO of the floating structure can be calculated by using equation 285 
                                                                     
    
     
                                                                       (3) 286 
where  
  
 
 and       are respectively the frequency and amplitude of exciting waves,      is the 287 
amplitude of the corresponding response of the floating structure. 288 
    However, it is noticed from Fig.8 that in reality the practical response amplitude of the structure is 289 
not always constant over time due to various reasons (e.g. the interference of the waves returning 290 
from the end of the towing tank). In order to improve the accuracy of RAO calculations, a root-mean-291 
square-value based method is often adopted in the practical calculation. Assume the measured 292 
elevation of the exciting wave is               and the measured elevation of the structure 293 
response is            , the RAO can be estimated by [15] 294 
                                                           
               
 
 
               
 
   
 
 
                                                                  (4) 295 
where     and   are the mean values of       and     .    296 
The calculation method described in (4) is simple in calculation and robust against noise. It is 297 
however unable to mitigate the negative influences of those sub- and higher orders of frequency 298 
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components in the sea waves on the accuracy of RAO. For this reason, a new RAO assessment 299 
method is proposed in the following in order to assure the reliability of the RAO assessment result, i.e. 300 
                                                              
     
      
                                                                           (5) 301 
where       and        are the values of the power spectral density of signals      and       at the 302 
fundamental frequency   of the exciting waves. They are calculated by 303 
                                                      
               
      
 
  
    
                  
      
 
  
                                                       (6) 304 
where      .         and           are the autocorrelation of the measured signals      and       305 
at the time moment of  . They can be readily calculated using the following equations 306 
                                 
                            
 
 
               
   
    
         
                                
 
 
                 
   
    
                    307 
(7) 308 
where      denotes expected value. 309 
    From (5)-(7), it is seen that the value of the calculated RAO is only dependant on the values of the 310 
power spectral density of the exciting wave       and response      at fundamental frequency  . It is 311 
not affected by the other frequency components           contained in sea waves. Therefore, the 312 
RAO assessed by using the power-spectral-density based method should be more accurate and reliable 313 
than those obtained by using the conventional root-mean-square-value based method.  314 
 315 
3.2 Experimental results  316 
In order to verify the findings in the numerical research, influences of both the size and the 317 
underwater distance of the heave plates on the motions of the crew transfer vessel are investigated in 318 
the following. The measured wave and vessel response data are processed by using the method 319 
proposed in section 3.1. The resultant RAOs under different wave conditions are shown in Figs.9 and 320 
10. In order to keep a concise context of the paper, only the RAO assessment results obtained when 321 
the underwater distance is 0.05 and 0.15 m are illustrated in Fig.9, and only the RAOs obtained when 322 
the diameter of the heave plates is 0.4 m are shown in Fig.10.    323 
          324 
 325 
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(a) Heave direction, underwater distance is 0.05 
m 
(b) Heave direction, underwater distance is 0.15 
m 
  
(c) Roll direction, underwater distance is 0.05 m (d) Roll direction, underwater distance is 0.15 m 
  
(e) Pitch direction, underwater distance is 0.05 
m 
(f) Pitch direction, underwater distance is 0.15 m 
Fig.9 Influences of the size of heave plates at underwater distances 0.05 m and 0.15 m 
 326 
From Fig.9, it is seen that regardless of the underwater distance that the heave plates are placed, the 327 
motions of the vessel in heave, roll and pitch are significantly reduced after the heave plates are 328 
applied to the vessel. Moreover, the larger the size of the heave plates, the more the motions of the 329 
vessel are constrained, particularly in the resonant frequency region of 0.6 - 2 Hz. Such a phenomenon 330 
is completely in consistence with the findings in the numerical research. In addition, through 331 
comparing the RAO curves corresponding to different sizes of heave plates, it is noticed that the 332 
application of the heave plates more or less decreases the values of the natural frequencies of the 333 
vessel. Moreover, the larger the size of the heave plates, the more the natural frequency of the vessel 334 
decreases. This is because the heave plates not only increase the physical mass of the vessel but also 335 
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increase the added mass of the vessel. As a consequence, the natural frequency of the whole ‘vessel + 336 
heave plates’ system is correspondingly decreased. Additionally, the comparison of Fig.5 and Fig.9 337 
interestingly indicates that the effect of heave plate on the vessel’s motion stability can be more 338 
clearly observed from the experimental results in Fig.9 rather than from the numerical simulation 339 
results in Fig.5. This is because water is a viscous fluid. The viscosity of water will amplify the 340 
motion reduction effect of the heave plates. However, the viscosity of water is neglected in the CFD 341 
calculations to ensure the differential hydrodynamics equations to be tractable. 342 
 343 
 344 
  
(a) Heave direction (b) Roll direction 
 
(c) Pitch direction 
Fig.10 Influences of the underwater distance of heave plates 
 345 
     346 
    From Fig.10, it is found that the distance that the heave plates are placed under water surface does 347 
have a significant influence as well on the motions of the vessel. Moreover, the deeper that the heave 348 
plates are placed under water surface, the more the motion of the vessel can be constrained by the 349 
heave plates. Such a phenomenon agrees very well with those observed from the numerical simulation 350 
results shown in Fig.6. Additionally, as predicted in Fig.6, it is found from Fig.10 that the beam sea 351 
waves do have more significant influence on the vessel’s heave and roll motions than on its pitch 352 
motion.     353 
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 354 
4 Conclusions 355 
 356 
Crew transfer vessels are playing a vital role in the operation and maintenance of offshore wind farms. 357 
However, the present crew transfer vessels have limited capability to provide safe transfer between 358 
the vessel and wind turbines. This significantly lowers the efficiency of offshore wind farm 359 
maintenance activities. In view of this, a cost-effective motion stabilization technique is studied in this 360 
paper by using both numerical simulation and experimental testing approaches. From the researches 361 
described above, three key conclusions can be drawn: 362 
(1) Heave plate does show an outstanding capability in stabilizing the motions of offshore wind farm 363 
crew transfer vessel. Moreover, the larger the size of heave plates, the more the motions of the 364 
vessel will be constrained particularly in the resonant frequency region of the vessel; 365 
(2) The installation of the heave plates also has influence on their motion stabilization effect. The 366 
deeper the heave plates are placed under water surface, the more the motions of the vessel will be 367 
reduced; 368 
(3) The comparison of the numerical simulation and experimental testing results has disclosed that 369 
the viscosity of water can further amplify the motion stabilization effect of heave plates; 370 
 371 
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